Derivative spectrophotometry was used to study the interaction of the cationic uncoupler triS-C4 (5) with mitochondria.
ABSTRACT.
Derivative spectrophotometry was used to study the interaction of the cationic uncoupler triS-C4 (5) with mitochondria.
The uncoupling action of this dye is dependent on the presence of Pi in the incubation medium.
The second derivative spectrum of the dye changed with the incubation period, becoming similar to the spectrum in chloroform; but, after a time, the spectral pattern reverted to the original spectrum. The change in the spectrum in the presence of Pi was much more rapid than in its absence. The degree of spectral change agreed with the relative amount of bound dye determined directly. Thus, the spectral change reflects the binding of dye to the mitochondria, dependent on their energy state. The greater binding without Pi does not cause uncoupling but does cause shrinkage. In contrast, the lesser binding in the presence of Pi causes uncoupling and the swelling of mitochondria.
These facts indicate that the dye does not penetrate the mitochondrial membrane. This refutes the idea that uncoupling by lipophilic cations is caused by the electrophoretic transfer of the uncoupler to the mitochondrial matrix space.
Cyanine dyes, such as diS-C3 (5), commonly are used as probes for monitoring the membrane potential across various energy transducing membranes (2, 8, 10, 17, 25) . But they affect biomembrane functions by acting as hydrophobic cations (7, 12, 13, 16, 18) . Recently, we found that some cyanine dyes (triS-C4 (5) and triS-C7 (5) ) are unique uncouplers of oxidative phosphorylation in mitochondria (20) (21) (22) 24) .
The structures of these dyes have two cationic quarternary ammonium moieties and three lipophilic alkyl groups; n-butyl chains for triS-C4 (5) and n-heptyl chains for triS-C7 (5) (for chemical structures, see refs. 20 and 21) . The uncoupling by these dyes depends on the presence of Pi in the incubation medium, which probably is due to stimulation of the Pi transport system (Pi-H symporter) in the mitochondrial membrane by the dye in cooperation with Pi (20) (21) (22) 24) .
Although an extensive study has been done on the action of weakly acidic protonophoric uncouplers (23) , the mechanism of the action of cationic uncouplers is still unknown. Generally, uncoupling by the lipophilic cations DDA+ and TBA+ is considered to be caused by dissipation of the membrane potential across the energized mitochondrial membrane by the electrophoretic transfer of the cationic uncoupler (1, 19) .
The affinity of triS-C7 (5) for energized mitochondria tends to be less during its uncoupling action (24) , which suggests that uncoupling is not based on the electrophoretic transfer of the dye into mitochondria. In this case another mechanism must be considered for the action of cyanine dyes. Our preliminary study suggested that the uncoupling by cyanine dyes is common to all cationic uncouplers (22) . Thus the determination of the mechanism of the Pi-dependent uncoupling by cyanine dyes is important.
We have determined in detail the time-course of the binding of triS-C4 (5) to energized mitochondria because the manner of its binding is a clue to understanding of the action mechanism of uncoupling. Spectral changes in dyes during uncoupling could provide useful, accurate information on their action mechanisms. Measurements of optical changes in normal and difference spectra, however, are unsatisfactory because uncoupling by lipophilic cations is accompanied by considerable swelling of the mitochondria (1, 24) , which results in fluctuations in the base-line of the spectrum.
To overcome this difficulty, we tested the usefulness of derivative spectrophotometry as this method should eliminate the fluctuations of the base-line and would not be affected by turbidity. Because this method proved successful with mitochondria, it also should be effective in studies of cells and organelles as well as in studies of proteins (3) (4) (5) .
MATERIALS AND METHODS
The cyanine dye triS-C4 (5) gized by antimycin A, no swelling took place with or without Pi. It is noteworthy that the start of the maximal rate of swelling coincided with that of the maximal release of respiration (cf. Fig. 1 ). In the absence of Pi, gradual and steady shrinkage of mitochondria took place. Spectral Change of Cyanine Dye on Interaction with Mitochondria. The spectral change of the dye in relation to the energy state of the mitochondria was monitored, The normal and 2nd derivative spectra of triS-C4 (5) in water (+Pi medium, curves A) and in chloroform (curves B) are shown in Fig. 3 . In water the normal spectrum of the dye has a peak at 588 nm and a shoulder at about 543 nm. These positions are troughs in the 2nd derivative spectrum. Peaks 611 and 562 nm in the derivative spectrum correspond to the inflection points in the normal spectrum. On transfer of the dye from a polar aqueous to a nonpolar organic environment (chloroform) all the peaks and troughs in the derivative spectrum showed red-shifts : the peaks shifting to 630 and 577 nm (inflection points in the normal spectrum) and the troughs to 602 and 555 nm (peak and shoulder in the normal spectrum).
The dye produces a volume change in the mitochondria (Fig. 2) which is believed to cause the great change in the base-line of the spectrum of the dye. Under conditions in which the base-line fluctuates, derivative spectrometry can be used to absorbance difference in water. The relative amount of the bound dye (bound %) was calculated from these values, on the assumption that the absorbance difference results from the binding of the dye to mitochondria. The bound % of the dye is shown as a function of the incubation period (min) in Fig. 7 . Values determined by the direct method (see MATERIALS AND METHODS) also are plotted. It is clear that the amounts of bound dye determined by the two methods coincide, evidence that the spectral change is due to changes in the amounts of free and bound dye in the mitochondrial suspension (mechanism 1). This conclusion is supported by the fact that the spectrum in an organic solvent, chloroform, is very similar to the spectrum after incubation with mitochondria for a specific period (curves h in Fig. 4 and c in Fig. 5 ).
The data in Fig. 7 indicate that in the absence of Pi, the dye bound gradually to mitochondria and that after approximately 15 min the binding reached a maximum of about 95 %. When the suspension became anaerobic, bound dye was released. In the presence of Pi, the dye was bound to mitochondria much faster than in its absence. The binding reached a maximum of 74 % after about 2 min. But after 2 min, when the uncoupling and swelling had taken place, the mitochondria began to release the bound dye. Mitochondria retained only 15 % of the dye at the final stage of uncoupling. This value is the same the value found for de-energized mitochondria. Thus the spectral change of the dye, which reflects binding, is dependent on the energy state of the mitochondria.
In the case of triS-C7 (5), more than 70 % of the dye interacted with mitochondria irrespective of the energy state or incubation medium (+Pi and -Pi), the binding amounts gradually increasing as the incubation period progressed (24) . The difference in the manner of binding of the two cyanine dyes may be based on the difference in their lipophilicities, the more lipophilic triS-C7 (5) binding to mitochondria very rapidly. The more polar dye, triS-C4 (5), has a suitable lipophilicity for use in monitoring the energy state-dependent affinity for mitochondria.
DISCUSSION
Under conditions in which they had no effect on mitochondrial function, lipophilic cations such as DDA+ and TPP+ have been reported to be taken up by mitochondria when an inside-negative membrane potential is generated by respiratory substrates or ATP, and to be released again when the membrane potential is dissipated by the addition of a respiratory inhibitor or uncoupler (6, 14) . Based on these results, these cations sometimes are used as probes for monitoring the membrane potential of mitochondria (6, 11, 14) . Although the spectral change of triS-C4 (5) responds to the energy state of the mitochondria, it is not clear whether that change is directly dependent on the membrane potential. This is the subject of our future study.
The greater binding without Pi did not induce uncoupling, but the lesser binding in the presence of Pi did (Fig. 7) . Thus the extent of binding is not related directly to uncoupling. Generally uncoupling by a lipophilic cation is regarded as due to dissipation of the membrane potential as a result of electrophoretic transfer of the cationic uncoupler to the matrix space of the mitochondria (1, 19) . This is not the case for the action of triS-C4 (5) because the greater binding without Pi led to shrinkage of the mitochondria. Also, the period in which the binding proceeded in the presence of Pi coincided with that of shrinkage, whereas swelling took place when dye was released from the mitochondria.
We therefore conclude that triS-C4 (5) does not penetrate the mitochondrial membrane, as also has been indicated with triS-C7 (5). In that case, the swollen mitochondria induced by triS-C7 (5) in the presence of Pi maintained their volume when the respiratory inhibitor antimycin A was added, whereas the swelling of mitochondria induced by the permeating cation TBA+ was reversed on the addition of antimycin A (24) .
We found that the cyanine dye, triS-C4 (5), induced an increase in the electrical conductance of an artificial bilayer membrane (black membrane) and caused a timedependent fluctuation of membrane current in cooperation with Pi (21) . This led us to the conclusion that the dye perturbs the integrity of the bilayer structure of the phospholipid membranes. This perturbation would trigger uncoupling. Further studies on the action of cationic uncouplers, including triS-C4 (5), are underway.
